Abstract-A novel dual-polarized stacked patch antenna element for wide-angle scanning satcom on the move applications at Ka-band is presented. The proposed highly integrated multilayer unit cell element operates from 27.8 to 30.8 GHz with excellent scan performance up to ±60°in both E-and H-planes. High port-to-port isolation in the entire scan volume evidences the antenna's distinguished suitability for integration into an active folded reflectarray transceiver architecture. Parasitic effects in planar array antennas degrading the intended scan volume are investigated using the infinite array analysis, and measures are introduced to suppress them efficiently. To validate the proposed antenna design, several configurations were fabricated and measured successfully. The experimental results show close agreement with the simulations and indicate its excellent scanning capabilities.
wave against the polarizer (dashed ray). Its polarization is aligned with respect to the polarization grid, such that the incident wave is reflected back and illuminates the active array. The signal is received by the individual antenna elements and guided to the ICs on the backside of the multilayer printed circuit board (PCB). In the active circuits, the signal is amplified and adjusted in amplitude and phase according to the required radiation diagram. Subsequently, the modified signal is refed to the same antenna elements and re-emitted in the orthogonal polarization, such that the outgoing wave now passes the polarization grid (solid ray). As a result of its operation principle, the folded reflectarray is single linear polarized.
In the presented array concept, the signal is distributed to the antenna elements by a space-fed arrangement. In comparison with the conventional planar arrays [3] , [7] , [8] , the integration of a printed RF distribution network is avoided and the efficiency increases, in particular for larger arrays. Furthermore, the system complexity is reduced, leading to a more flexible and scalable design [9] . In contrast, a more sophisticated antenna design is necessary. The unit cell element requires dual-polarized operation to rotate the polarization of the reradiated signal by 90°. A high isolation between the two ports is therefore needed, since this limits the maximum usable gain of the ICs. As a matter of course, this decoupling has to be maintained for any beam position within the intended scan volume.
Recent investigations on dual-polarized tapered slot array antennas have presented broadband characteristics within a scan volume up to ±45°from boresight over more than one octave bandwidth [10] , [11] . But a significant drawback of this class of antennas is their relatively complex integration into the system. In addition, the height of tapered slot antennas is inherently large, which conflicts with the necessity of a lowprofile array design. Microstrip patch antennas can meet some of the system requirements being lightweight, low profile, and compact due to simple incorporation into the multilayer PCB technology. Unfortunately, the conventional microstrip antennas are able to cover only a narrow impedance bandwidth, as their electrical volume is small. Using a thicker dielectric material increases the operational bandwidth of the microstrip antenna arrays, but in return, the usable scan volume decreases since leaky and surface wave resonance effects appear closer to boresight [12] , [13] . Several techniques including the use of shorting posts [14] or cavity backing [15] [16] [17] have been proposed to overcome scan limitations for thicker dielectric materials. Moreover, single-polarized aperture-stacked patch antennas have been investigated to further enhance the array's scan and bandwidth performance [18] . Thereby, scanning capabilities up to ±45°and ±55°are obtained for a unit cell size of about 0.437λ min in the E-and H -planes, respectively.
As opposed to the entire system design [6] , in this paper, the dual-polarized aperture coupled stacked patch antenna is investigated in detail for the use in large folded reflectarray antennas. It will be shown that the novel unit cell design is able to operate within a scanning range of ±60°in the principal planes. To the best of our knowledge, this is the largest scan volume yet achieved for a dual-polarized patch antenna array considering a unit cell size of 0.513λ min . In-depth design considerations and the analysis of the portto-port isolation as a function of the scan angle are presented, which is unique in the literature. This paper is organized as follows. Section II describes the unit cell configuration and design strategies to shift parasitic effects out of the intended scan volume. Experimental results of realized the antenna prototypes are discussed in Section III. Finally, the conclusion is given in Section IV.
II. UNIT CELL DESIGN
As mentioned earlier, the folded reflectarray transceiver operates in the frequency band from 29.5 to 30.8 GHz. The electronic beam steering is intended to cover a scan volume up to 60°in elevation for all planes. In order to achieve a good antenna performance even for larger scan angles, the element size needs to be reasonably small [19] . On the other hand, the minimum dimensions for the unit cell lattice are likewise determined by the achievable integration level. In this paper, the unit cell spacing is set to l uc = 5 mm using a nonskewed square lattice. This corresponds to the onset of higher order Floquet modes, which manifest in grating lobes at
where ϑ max = 60°. However, scan blindness in planar phased arrays may occur closer to boresight caused by leaky and surface wave resonances [19] [20] [21] . Novel multilayer antenna concepts are necessary to meet all objectives within the limited lateral extent. In Fig. 2 , the exploded view of the proposed dualpolarized aperture coupled stacked patch antenna for wide scanning applications is shown. The novel hybrid antenna configuration is composed of a multilayer PCB, a metal grid, and a thin RF dielectric sheet on the very top. The multilayer PCB contains the lower patch and two apertures fed by stripline for both polarizations. The vertical transition realized as quasi-coaxial line [22] connects the stripline to the respective microstrip line on the bottom side. Vias surrounding the unit cell are employed to improve the shielding between the adjacent elements and suppress surface wave modes. The RF laminate on top acts as a carrier for the upper patch. At the same time, this serves as a protective layer for the array. The metal grid in between both patches assures a certain distance to adjust the coupled resonances. In addition, mutual coupling is reduced, and the large air volume below the upper patch contributes to an increased operational bandwidth.
The parametric study and the optimization of the proposed array antenna have been carried out using Ansys High frequency structural simulator [23] . To obtain its performance under different scan angles, the antenna element is considered as a unit cell in an infinite periodic environment. The entire unit cell design of the dual-polarized stacked patch antenna offers many degrees of freedom as can be seen from Fig. 3 . Therefore, the structure for the vertical transition was optimized separately to reduce the complexity of the problem. Besides, the substrate layers ④-⑥ (see Fig. 2 ), which have minor impact on the radiation properties, were fixed in this step, too.
Dual-polarized antenna designs using superposed apertures, for instance a centered cross-shaped slot, may achieve excellent isolation levels due to the high degree of symmetry. But the excitation requires a relatively large balanced feed network for each polarization to maintain this symmetry and the resultant high polarization decoupling [24] . As a consequence of the discussed area constraints within the unit cell element, an offset H-shaped aperture for each polarization is applied, since its excitation by a compact single stripline feed results only in a slightly degradation of the port-to-port isolation.
Moreover, shorting vias between both ground planes were introduced, since the aperture fed by stripline causes parasitic coupling to parallel-plate modes [25] , [26] . The height of the dielectric ③ was chosen, such that the coupling between the aperture and the lower patch is adjusted similarly for both polarizations. The thickness of the superstrate ① is kept as thin as possible to move the excitation of leaky and surface wave resonances to larger scan angles. A more in-depth discussion will be presented later. Finally, both coupled resonances of the aperture-stacked patch antenna were tuned by the dimensions of the square patches and the metal grid height ② for appropriate impedance matching in the operational frequency band [27] . The dimensions of the novel stacked patch antenna design shown in Fig. 3 are listed in Table I . The material composition of the final design is given in Table II. The threshold for an acceptable reflection coefficient within the intended scan volume is taken to be −10 dB. The computed reflection coefficients of the proposed dual-polarized aperture-stacked patch antenna are shown in Figs. 4 and 5 for scanning in the E-and H -planes, respectively. In the frequency range from 27.8 to 30.8 GHz the reflection coefficient remains below −10 dB even for the scan angles up to 60°in both principle planes. Due to the asymmetrical arrangement of the two feeding structures, their performance is not identical. During the design process, efforts were made to compensate this issue. As a result, the ports of the unit cell show very similar behavior. For E-plane, scanning a rapid rise of the reflection coefficient is observed close to the onset of the free space grating lobe. The grating lobe in the E-plane corresponds to the TM(−1, 0) Floquet mode and causes a singularity in the admittance plane when it enters into the visible region at f GL = 32.15 GHz for 60°off-boresight. At this point, the reflection coefficient approaches 0 dB resulting in scan blindness. In contrast, the H -plane scan performance at 60°exhibits a less pronounced discontinuity due to the absence of singularities. Here, the small dip at 32.15 GHz may be associated with strong mutual coupling between the TM and TE Floquet modes [12] , [26] .
The corresponding port-to-port coupling coefficient (see Fig. 6 ) illustrates this effect from a different perspective. Across the frequency range from 27.5 to 31.5 GHz, the coupling level between both feedings is always below −25 dB and has its maximum at the cutoff frequency for the TM(−1, 0) and TE(0, −1) Floquet modes, respectively.
In spite of this, the usable scan volume in planar phased arrays is mainly limited by leaky and surface wave resonances as they arise before the onset of the grating lobe. Degradation in the scan performance or even scan blindness can occur due to forced guided wave resonances on either antenna or feed substrates [13] . In the proposed antenna configuration, the superstrate ① represents the dominant parameter to reduce those parasitic effects. In the following discussion, the impedance of the TM(0, 0) Floquet mode is defined at the aperture plane as:
where R F,TM 00 is the radiation resistance, and X F,TM 00 is the corresponding reactive component. Fig. 7 shows the effect of the superstrate height on the resistance of the TM(0, 0) Floquet mode for the E-plane scanning at 60°. The minimum of the resistance R F,TM 00 is related to the TM 0 surface wave on the unloaded dielectric slab. The real part of the dominant TM Floquet mode impedance becomes very low but finite, whenever a phase-match condition between the inclined TM(0, 0) mode and the surface wave resonance is met [28] . The phase constant of the TM surface wave β SW increases with the height of the dielectric material ① [29] . The elevation angle at which the distinctive scan blindness appears may be calculated by
Accordingly, the minimum resistance moves closer to boresight for thicker dielectric slabs.
The maximum of R F,TM 00 is associated with a leaky wave guided on the dielectric slab loaded by both the upper patch and the metal grid [21] . As seen from Fig. 7 , the phasematch condition between the leaky wave resonance and the dominant Floquet mode occurs at lower frequencies than for the surface wave resonance. The reason is found in the fast wave nature of leaky wave modes [30] . The peak in the resistance moves closer to boresight for thicker superstrates and manifests in a strong mismatch but not in complete array blindness. Furthermore, the thinner the superstrate, the higher the quality factor Q LW of the leaky wave resonance. Since the dielectric for the upper patch with r = 2.2 and h diel1 = 0.127 mm is chosen to be electrically thin, neither surface nor leaky wave resonances occur for the H -plane scan.
Figs. 8 and 9 show the simulated transmission coefficients from port 1 to the fundamental Floquet mode for scanning in the E-and H -planes, respectively. In some way, the simulated reflection coefficients indicate the array's scan performance, but the introduced transmission coefficients according to Figs. 8 and 9 offer a more precise evaluation criterion in terms of the radiation efficiency [20] . On condition that the dual linear-polarized array antenna is placed in an infinite periodic environment, the copolarization of the transmission coefficient describes the coupling to the designated TM(0, 0) and TE(0, 0) Floquet mode for the E-and H -plane scans, respectively. Consequently, the cross-polarization level shows the coupling to the fundamental Floquet mode perpendicular to the designated one. Due to the very similar properties of both ports, only the simulated transmission coefficients with respect to port 1 are presented here. In the E-plane, the transmission coefficient from port 1 to the TM(0, 0) Floquet mode [see Fig. 8(a) ] is better than −0.8 dB in the whole operational band (29.5-30.8 GHz) up to the scan angles of 60°. The corresponding coupling to the orthogonal polarization, in this case to the TE(0, 0) Floquet mode, is shown in Fig. 8(b) and remains always below −27 dB. The scan performance in the H -plane [see Fig. 9(a) ] shows a spectrally broader transmission to the copolarization at 60°than for the E-plane scan. This difference may be consistently explained by reflection losses due to the aforementioned leaky wave resonance in the vicinity of the upper frequency for the E-plane scanning. However, the supported TM guided waves would not be excited in the H -plane because of the inherent polarization mismatch.
III. EXPERIMENTAL RESULTS
The novel dual-polarized stacked patch antenna fed by microstrip lines was fabricated in several configurations. For the single and double element prototype, the metal grid in between the hybrid configuration has been manufactured completely from aluminum using a standard milling process. In a different way, the metal grid for the 11×11 array prototype has been replaced by a metal-plated FR4 grid structure. The thickness of the galvanized copper cladding and gold surface finish is about 25 @ cmdμm. Compared with solid metal grids, the difference in the electrical conductivity due to the skin effect can definitely be neglected here. The obtained accuracy of the standard as well as the low-cost manufacturing technique is both within a tolerance of ±5 @ cmdμm. The individual parts, as shown in Fig. 2 , are joined together using 
A. Single-Element Prototype
The measured reflection coefficients of the two ports for the realized single antenna element are shown in Fig. 10 . The measurement results of the dual-polarized aperture-stacked patch antenna show excellent agreement to those of the simulation. In comparison with the unit cell results of the infinite array, a slightly larger 10 dB return loss bandwidth from 26 to 32.7 GHz is obtained due to the nonexistence of mutual coupling to adjacent cells. The additional notch in the measurements at 30 GHz is created by a slight translation and rotation of the two resonance loops within the complex reflection plane.
As can be seen in Fig. 11 , the measured port-to-port coupling coefficient is better than −28.5 dB in the operational band from 29.5 to 30.8 GHz and still below −20 dB in the 10-dB return loss bandwidth. For the potential use in the presented active reflectarray architecture (see Fig. 1 ), highgain amplifiers can be introduced into the cross-polarized unit cell without causing instability issues. The radiation characterization of the dual-polarized antenna was conducted for both ports from 26 to 32.7 GHz. The results at the center frequency (30 GHz) for port 1 are shown in Fig. 12 . The measured and simulated results of the copolarization illustrate excellent agreement in the E-palne as well as in the H -plane. The cross-polarization levels remain below −20 dB. The gain of the single antenna element varies across the measured frequency range between 6 and 6.6 @ cmddBi.
B. Double-Element Prototype
In order to achieve a high integration level for the active array architecture, it is favorable to group the radiating elements into submodules. According to [6] , it is assumed that each subarray comprises 2 × 2 antenna elements connected to a single multifunctional Monolithic microwave integrated circuit. Therefore, the periodicity given by the Floquet analysis of the unit cell must be broken in such a manner, so that the active circuit may be placed within the subgroup. As a consequence, the dual-polarized patch antenna is transferred into a finite array environment to assess mutual coupling, since the Floquet theory is not reasonably applicable anymore. The considered finite arrays are shown in Fig. 13 . Model I exhibits the same periodicity as used for the Floquet analysis in Section II and serves as reference for the modified Model II. Both configurations consist of 6 × 6 dual-polarized antennas in which only the four centered elements (gray shaded) are evaluated. The other elements are terminated in matched loads to mimic the field distribution of an infinite array. For the verification of the simulated coupling factors, however, Model II has been reduced to a double element configuration (Model III). The photograph in Fig. 14 shows the realized parts of the two dual linear-polarized antenna elements. The arrow next to the port number indicates the polarization of the electromagnetic wave in the far field excited by the corresponding feed.
The 10-dB return loss bandwidth is covered by both dualpolarized antenna elements within a frequency range from 26.1 to 32.9 GHz. Owing to the very similar reflection coefficients as for the single-element prototype (see Fig. 10 ), their illustrations have been omitted.
The mutual coupling between the copolarized ports for the three different models is exemplarily shown in Fig. 15(a) . The remaining coupling coefficients have either very similar or higher isolation properties. The comparison of Models I and II shows, as expected, that in the latter one |S 31 | is lower and in return |S 42 | higher. The systematic error made by the simplified Model III with respect to Model II is for the copolarized coupling coefficients from 29.5 to 30.8 GHz at most 2 dB. The measurement results are slightly lower than predicted from full-wave simulations. In the intended frequency band, the measured coupling level shows a very flat response and remains below −20.5 dB in the E-plane (S 42 ) and below −17.5 dB in the H -plane (S 31 ), respectively. Hence, the accepted inaccuracy of this model can be easily de-embedded from the measurements. As mentioned earlier, parasitic coupling into the orthogonal polarization even from adjacent elements is a crucial factor in active folded reflectarray antennas. Unlike coupling to the same polarization, this effect cannot be incorporated into the future pattern synthesis. Fig. 15(b) shows the measured and simulated coupling coefficients between orthogonal ports. In accordance with all simulation models, which differ only to a minor degree, the measured cross-coupling component of the neighboring element (|S 41 | ≤ −42.4 dB) is considerably lower as of the unit cell itself (|S 21 | ≤ −28.8 dB) in the entire band of interest. As a result, the stability condition of an active unit cell can be approximated by considering self-induced cross coupling only.
C. 11 × 11 Array Prototype
Based on the proposed dual-polarized antenna element, a 11×11 array prototype has also been designed to validate its wide-angle scanning capabilities within an array environment. As this passive array configuration is used to predict the scan performance of a fully excited array by means of the embedded element pattern, only the two ports of the central Fig. 16 . Photograph of the realized 11 × 11 array prototype (bottom, inside, and top views). element are fed. All other ports are terminated with a structure consisting of two 100-resistors in parallel. In this way, all mutual coupling effects are considered and thus visible in the embedded element pattern including those which cause scan blindness [31] . The fabricated and assembled array prototype with 11 × 11 dual-polarized stacked patch antennas is shown in Fig. 16 . The recognizable asymmetry on the bottom side of the multilayer PCB is dictated by the relatively large dimensions of the commercial coaxial connector. The compromise made in the design, however, is limited solely to this outer layer.
The measured reflection coefficients of the embedded dualpolarized stacked patch antenna are shown in Fig. 17 . The 10-dB return loss bandwidth is covered by both ports within the frequency range from 26.5 to 32.7 GHz. Besides a slight shift of the coupled resonance between the aperture and lower patch toward lower frequencies, a very good agreement between the measurement and simulation results can be observed. Furthermore, it is noteworthy that the reflection coefficients of the embedded and isolated radiating element exhibit very similar behavior (see Fig. 10 ) indicating its robustness against environmental changes. Fig. 18 shows the corresponding port-to-port coupling coefficient of the embedded dual-polarized stacked patch antenna prototype. As can be seen from the measurement results, Measured and simulated gain of the embedded dual-polarized stacked patch antenna. the coupling level remains well below −32.5 dB in the band of interest (29.5-30.8 GHz) and below −24.5 dB in the 10-dB return loss bandwidth. The minor deviation from the simulation results may be found in the limited accuracy of the simulation model that has been accepted to overcome the computational effort of the large and complex finite array structure.
Considering the 10-dB return loss bandwidth obtained from the infinite array analysis (see Section II), the measurements of the radiation characteristics have been conducted for both ports from 28 to 32 GHz. The realized gain of the embedded dual-polarized stacked patch antenna is shown in Fig. 19 . For both polarizations, the measured gain is found to be in good agreement with the simulations. The variation is <1 dB and can be attributed to the finite dimensions of the array.
Despite the asymmetric feeding structure for each polarization, the radiation patterns of the antenna are mainly dominated by the square aperture, including the upper patch and the metal grid structure. Apart from minor differences due to technology-based tolerances, this has been likewise confirmed by the experimental results. In the following, the scan performance of the proposed antenna within a larger array The measured copolarized radiation diagrams in the E-and H -planes are very close to the simulations, even for large off-boresight angles. In addition, the element diagram performance compared with the ideal cos(ϑ) gain degradation indicates the antenna's excellent scan efficiency within the intended scan volume of ±60°. The ripples that are visible to some extent in all measurements originate from parasitic radiation at the edges of finite array. Hence, for larger antenna arrays their impact on the radiation characteristics will degrade gradually. The measured cross-polarization levels for ports 1 and 2 are lower than −15 dB in both principle planes. Apparently, the measured values are higher as predicted by the full-wave simulations. This can be explained by the conceptional asymmetry, which is present only in the realized array configuration, as mentioned earlier.
IV. CONCLUSION
A planar hybrid design of a dual-polarized aperture-stacked patch antenna for wide-angle scanning up to ±60°in the E-and H -planes has been presented. Parasitic effects of the array antenna degrading the intended scan volume have been elaborated and suppressed efficiently in the operational band. As a critical parameter for integration into a folded reflectarray transceiver, the port decoupling between the two polarizations remains high even for larger elevation angles. Transmission coefficients to the individual Floquet modes have been introduced to evaluate its high scanning efficiency. From the technology perspective, the proposed antenna architecture relaxes the overall PCB fabrication process but tends to a more complex assembly in return. Excellent RF performance and reproducibility have been verified by the measurements of several antenna prototypes.
